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Abstrakt 
This investigation examines the problem of homogenization in metal matrix 
composites (MMCs) and the methods of increasing their strength using severe plastic 
deformation (SPD). In this research MMCs of pure copper and silicon carbide were 
synthesized by spark plasma sintering (SPS) and then further processed via high-
pressure torsion (HPT). The microstructures in the sintered and in the deformed 
materials were investigated using Scanning Electron Microscopy (SEM) and 
Scanning Transmission Electron Microscopy (STEM). The mechanical properties 
were evaluated in microhardness tests and in tensile testing. The thermal 
conductivity of the composites was measured with the use of a laser pulse technique. 
Microstructural analysis revealed that HPT processing leads to an improved 
densification of the SPS-produced composites with significant grain refinement in the 
copper matrix and with fragmentation of the SiC particles and their homogeneous 
distribution in the copper matrix. The HPT processing of Cu and the Cu-SiC samples 
enhanced their mechanical properties at the expense of limiting their plasticity. 
Processing by HPT also had a major influence on the thermal conductivity of 
materials. It is demonstrated that the deformed samples exhibit higher thermal 
conductivity than the initial coarse-grained samples. 
*Corresponding author: Piotr Bazarnik (Piotr.Bazarnik@pw.edu.pl) 
Keywords: copper; silicon carbide; high-pressure torsion; spark plasma sintering; 
thermal conductivity.  
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1. Introduction  
Metal matrix composites (MMCs) are lightweight structural materials which often 
exhibit unique properties such as enhanced strength and hardness [1,2], wear [3] 
and corrosion resistance [4-6] together with excellent electrical and thermal 
properties [6-8]. Various MMC systems have been studied and an enhancement of a 
range of material properties was reported thereby making these materials attractive 
for use in a wide range of applications including in the aerospace, automotive and 
electronics sectors [9,10].  
Recently, significant interest has been directed towards the fabrication of copper-
based composites [4,6-8,11-14]. Copper and its alloys exhibit excellent thermal and 
electrical conductive properties but, due to their poor mechanical properties of very 
low wear resistance and low yield strength, especially at elevated temperature, their 
use is restricted in many industrial applications. Therefore, Cu-based MMCs 
reinforced with ceramic particles are now under consideration as promising candidate 
materials for applications requiring high thermal conductivity and thermal stability 
together with excellent wear resistance. The incorporation of ceramic particulate 
reinforcements, such as SiC, may significantly improve the thermal and some of the 
mechanical properties as well as the wear resistance without any major deterioration 
in the thermal and electrical conductivities of the matrix [5,15,16]. The Cu–SiC MMCs 
appear to be promising engineering materials because they offer a combination of 
both the superior ductility and toughness of the copper matrix together with the high 
strength, high Young’s modulus and exelent wear resistance of the SiC 
reinforcement. To date, Cu–SiC composites have been used extensively as welding 
electrodes, electrical contacts, and switches and in electronic packaging [17].  
Several different techniques have been developed to synthesize MMCs where 
these methods include stir casting [1819], spray forming [18,20], squeeze casting 
[18,21] and powder metallurgy [18,22]. In practice, powder metallurgy techniques 
such as hot isostatic pressing (HIP) [23], hot pressing (HP) [24] and spark plasma 
sintering (SPS) [18,25] are especially promising because of the attractive properties 
of the processed samples. In an earlier study, it was demonstrated that the 
microstructure and mechanical properties of Cu-SiC MMCs depend strongly on the 
nature of the sintering technique [15,26]. Specifically, the optimum densification, and 
therefore the best mechanical properties of Cu-SiC MMCs, was reported after SPS 
processing [15]. Nevertheless, MMCs obtained via powder metallurgy processing 
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may have some disadvantages, including large microstructural inhomogeneities in 
the particle distributions, the presence of some residual porosity even after SPS 
processing [15] and in many cases a weak connection between the particles and the 
metal matrix. It is well established that structural inhomogeneity and residual porosity 
will significantly degrade the formability and ductility, thereby making these materials 
prone to premature failure.  
In order to uniformly distribute the ceramic reinforcing particles within the metal 
matrix and to densify the sintered materials, it is feasible to use conventional 
deformation processes such as rolling or hot extrusion. However, in many cases the 
deformation level generated through these techniques is not sufficient to improve the 
microstructural homogeneity. For example, there is evidence that the improvement of 
homogeneity in MMCs requires strains higher than ~4 [27-29] which cannot be 
obtained in conventional rolling and hot extrusion processes.  
Recently, severe plastic deformation (SPD) processes were used to fabricate 
MMCs and improve their homogeneity [30-45]. Moreover, SPD procedures increase 
the strength of the composites through a reduction in grain size in the matrix metal. A 
number of SPD methods were developed, such as high-pressure torsion (HPT) [46], 
equal-channel angular pressing (ECAP) [47], accumulative roll bonding (ARB) [48] 
and hydrostatic extrusion (HE) [49,50]. Among these methods, HPT is regarded as 
reasonably ideal for achieving good homogenisation of the MMCs because of the 
ability to generate extremely high strains of typically more than 200 at 10 revolutions. 
This process has been widely used in the processing of nano- and micro-sized 
metals, metal alloys and their powders [51-57], intermetallics [58,59] and MMCs [30-
32,38-45,60,61]. However, there are to date only a limited number of experimental 
studies on the HPT processing of Cu–SiC composites [62-64]. Moreover, there is a 
lack of information regarding the thermal conductivity of MMCs fabricated by SPD 
techniques.   
Therefore, the purpose of this study was to investigate the fabrication of novel 
MMCs using HPT to provide homogenization of sintered Cu-SiC composites having 
different volume fractions of the SiC reinforcement. The strength, microhardness and 
thermal conductivity were examined and the effect of refinement of the matrix grains 






A regular-shaped copper powder (produced by NewMet Koch) with a purity of 
99.99% and 40 µm average particle size was used as a matrix. The composites were 
reinforced by silicon carbide particles with a purity of 99.99% (Saint-Gobain, France) 
having average particle sizes of about 80 µm and thee particle size ranges from 30 
µm to 130 µm. 
The powders were mixed in a planetary mill (Pulverisette 6) using processing 
parameters of a rotational speed of 100 rpm, a time of mixing of 2 h and a ball-to-
powder ratio (BPR) of 5:1. A milling medium was not used during the mixing. Two 
compositions of the powder mixtures were prepared with the following Cu to ceramic 
phase content (vol.%): 90%Cu-10%SiC, 80%Cu-20%SiC.  
The powders were consolidated by the SPS technique using a graphite die with a 
sample diameter of 10 mm and height of 10 mm. The sintering process was carried 
out at a temperature of 950 °C in an argon atmosphere with a heating rate of 100 
°C/min and a 10 min. holding time at maximum temperature at a pressure of 150 
MPa. As a reference, a sample of pure copper was sintered under the same 
conditions.  
The sintered samples were cut to discs with thicknesses of 1 mm and then 
subjected to HPT processing. This processing was conducted under an applied 
pressure of 6.0 GPa at room temperature under quasi-constrained conditions [65] 
where there is a small outflow of material around the periphery of the disc during the 
processing operation.  Discs were torsionally strained by rotating the lower anvil at 1 
rpm through 20 revolutions each.   
The microstructures of the Cu and Cu-SiC composites were examined using 
scanning electron microscopy (SEM) (Hitachi SU-8000) operating at 10 kV. The 
images were taken in secondary electron (SE) and in back-scattered electron (BSE) 
modes. The SEM observations were performed on cross-sectional planes in the edge 
regions and also at ∼0.5 mm from the disc edge. Detailed microstructural 
observations from selected areas were performed using a Cs-corrected dedicated 
high-resolution scanning transmission electron microscope (STEM) (Hitachi HD-
2700). The STEM images were taken in bright-field (BF) and high-angle annular dark 
field (HAADF) modes. The samples for STEM observations were cut using the 
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focussed ion beam (FIB) technique with a Hitachi NB5000 microscope. All 
microstructures were evaluated quantitatively using a computer-aided image 
analyser. The grain size was described by the equivalent grain diameter, deq, defined 
as the diameter of a circle with a surface area equal to the surface area of the grain. 
To evaluate the changes in the mechanical properties after HPT processing, 
microhardness tests were performed on the polished surfaces of discs using an FM-
300 microhardness tester equipped with a Vickers indenter. Measurements were 
taken under a load of 200 g and a dwell time of 10 s along randomly-selected 
diameters on each disc with a spacing of 0.3 mm between the measuring points. The 
results were plotted in the form of the hardness profiles. The study of mechanical 
properties was complemented by tensile testing conducted at room temperature 
using a Zwick 005 universal testing machine under displacement control at a strain 
rate of 1.0 × 10−3 s−1. For proper strain estimation, Digital Image Correlation (DIC) 
was applied [66]. A CCD camera operating at 4fps with a Pentax lens was placed in 
front of the sample. The image acquisition by AVT software was synchronized with 
the beginning of each tensile test. Based on the load - displacement data, the yield 
stress (YS), ultimate stress (UTS) and the elongation to failure were determined 
The thermal conductivity of the processed composites was measured with the use 
of a laser pulse technique [67]. This was performed using an LFA 457 device by 
Netzsch over the temperature range of 50–300 °C in an argon atmosphere. The 
value of the thermal conductivity (TC) was calculated using the following equation: 
 
     λ = ρ · cp· D          (1) 
 
where λ is the thermal conductivity in W/mK, ρ is the density in g/cm3, cp is the 
specific heat in J/gK and D is the diffusivity in mm2/s. The value of the specific heat 
was determined based on the rule of mixtures.  
All of the results obtained for the samples after HPT processing were compared 
with data for the initial material after SPS processing. 
3. Results 
3.1. Microstructure evolution 
Figures 1-2 show representative images of the initial microstructures of pure Cu, 
Cu-10SiC and Cu-20SiC samples after SPS processing. The microstructure in the 
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pure Cu sample after SPS is inhomogeneous and exhibits a bimodal character as 
illustrated in Fig. 1a with low magnification. The grain structure consists of two types 
of grains: (1) coarse grains having diameters of ~210 µm and occupying ~70% of the 
sample volume and (2) fine grains with an average grain size of ~3.4 µm. Also, 
numerous twins are visible in the microstructure. Some residual porosity is visible in 
the copper matrix, as presented in Fig. 1b with high magnification where the black 
regions in the BSE image are pores. These pores have size ranges between ~0.5 – 
2.0 µm and they are located mainly at the contact surfaces of the primary powder 
particles.  
The structures of the Cu-10SiC and Cu-20SiC composites in Fig. 2 were more 
uniform. Microstructure observations show that the SiC reinforcement phase is fairly 
uniformly distributed throughout the sample volume with only a few clusters of SiC 
particles visible in the Cu matrix in Fig. 2a and b. The SiC particles embedded in the 
Cu matrix have sizes from ~10 to ~100 µm with a majority of particles having sizes of 
the order of ~100 µm. In both samples the grain size distributions in the copper 
matrix are more uniform (Fig. 2c) with an average grain size of ~130 µm. However, 
some discontinuities are visible in the microstructures, such as the presence of pores 
in the Cu matrix which appear as white dots in the SE image in Fig. 2d and the lack 
of bonding between the copper matrix and some SiC particles which are visible as 
empty spaces on the contact surfaces in Fig. 2d.  
The use of HPT processing has a significant impact on the structures of the 
sintered samples, as illustrated in Figs 3-5 for Cu, Cu-10SiC and Cu-20SiC samples, 
respectively. In the pure copper, the HPT processing produces a significant reduction 
in the pore density. Thus, as it can be seen in the SEM image in Fig. 3a, only very 
fine pores can be identified in the microstructure (marked by arrows). In addition, 
SEM images taken in orientation contrast mode revealed a significant grain size 
reduction as shown in Fig. 3b. These grains are relatively equiaxial and with sizes 
below ~1 µm.  
After HPT processing, the microstructures in the samples with the 10% SiC and 
20% SiC reinforcements are similar, as shown in Fig. 4 and Fig. 5, but there is a 
significant grain size reduction in the Cu matrix and a decrease in porosity. These 
SEM observations confirm there is a considerable fragmentation of the SiC particles 
during the HPT processing (Figs. 4a, 5a). Moreover, the quality of the bonding 
between the particles and the Cu matrix has improved as is evident in Fig. 4b and 
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Fig. 5b-c. No pores and voids are visible at the interfaces between the SiC particles 
and the Cu matrix. Nevertheless, the degree of fragmentation appears to be strongly 
correlated to the original size of the SiC particles. For the largest particles having 
sizes ~100 µm, a number of cracks and discontinuities are observed in the Cu-20SiC 
sample in Fig. 5e. In addition, for most of these particles their outer parts are 
fragmented into clusters of smaller particles embedded within the Cu matrix and this 
phenomenon is visible in Fig. 5c and Fig 5e. At the same time, the fraction of smaller 
fragmented particles having sizes of ~20-40 µm increased after HPT processing. 
Some of these particles were fragmented and formed clusters of particles having 
sizes in the range of ~0.05 – 1.0 µm (Figs 4c, 5c). At the same time, a high fraction of 
fine SiC particles with sizes of ~50 – 700 nm is found in the Cu matrix (Fig. 5d) where 
these particles are dispersed in the Cu matrix. Observations by SEM indicate that the 
fragmentation effect is more intense in the sample with 20% of SiC reinforcement, 
where there are numerous small particles and clusters of particles in the copper 
matrix.  
The particle sizes were quantitatively analysed in the Cu-10SiC and Cu-20SiC 
samples and Fig. 6 shows the particles size distributions per unit area for the as-
sintered samples (Figs 6a-c) and HPT-processed samples (Figs 6b-d). In both the 
Cu-10SiC and Cu-20SiC samples, the numbers of the largest SiC particles after HPT 
processing decreases when compared with the as-sintered state. At the same time, 
the fraction of small particles, smaller than 2 µm, increases significantly especially in 
the sample with 20% of SiC reinforcement where the numbers of particles having 
sizes in the range of ~50 – 700 nm reaches ~104 per mm2.  
The SEM observations in Fig. 4c and Fig. 5d gives clear evidence for grain size 
refinement in the Cu matrix during HPT processing. However, in order to precisely 
determine the grain size distributions after HPT processing it was necessary to 
conduct more detailed investigations. Figure 7 shows representative STEM images 
for Cu and the Cu-10SiC and Cu-20SiC samples after HPT processing. The 
microstructure is generally similar for all samples with the Cu matrix containing both 
elongated and equiaxial grains with a relatively small density of internal dislocations 
as shown in Fig. 7 a-c. The average grain size for these conditions was ~360 nm and 
there were clusters of fragmented SiC particles as in Fig. 7d and undeformed larger 
particles as in Fig. 7e.  
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3.2. Mechanical properties 
The microhardness distributions across the disc diameters for the SPS-processed 
samples and samples processed by HPT through 20 turns are presented in Fig. 8. In 
addition, the average microhardness values with their standard deviations for all 
samples are given in Table 1. It should be noted that the microhardness 
measurements were undertaken using a procedure that avoided impinging or hitting 
any of the large SiC particles with the indenter. 
The average microhardness of pure Cu after SPS process is ~58 Hv with a large 
scatter in the experimental results whereas in the SPS-processed samples with the 
SiC reinforcement the microhardness of the Cu matrix was at a level of ~65 Hv. After 
HPT processing, the hardness along the discs diameters in all samples tended to 
distribute homogenously with only a small depression in the values in the central 
regions as shown in Fig. 8. In pure Cu, the microhardness increased from ~58 Hv to 
~178 Hv. In the samples with the SiC reinforcement, the hardness values were at 
levels of ~200 Hv and ~230 Hv for the HPT-processed Cu-10SiC and Cu-20SiC 
samples, respectively. It should be noted that the standard deviation for the SiC-
reinforced samples was larger than for the pure Cu sample.   
The results of tensile tests for the HPT-processed samples are illustrated in Fig. 9 
where these data were complemented with the results for SPS-processed samples. 
The results and summarised in Table 2 showing the ultimate tensile 
strength (UTS), yield strength (YS) and elongation to failure. For the sintered Cu 
material, the YS is at a level of ∼130 MPa with a UTS of ∼235 MPa. In addition, the 
material exhibits a large elongation to failure of ~40%. The UTS of samples with the 
SiC reinforcement is much lower and the values are not larger than ~140 and ~75 
MPa for the Cu-10SiC and Cu-20SiC samples, respectively. These samples also 
exhibited lower elongations to failure with values below 10%.  
Processing by HPT has a strong impact on the mechanical behaviour in all 
samples. Thus, the UTS in pure copper increases from ~235 MPa to ~560 MPa. In 
the Cu-SiC samples, the UTS increases from ~140 MPa to ~420 MPa in Cu-10SiC 
and from ~75 MPa to ~440 MPa in Cu-20SiC. This high strength was at the expense 
of ductility and the elongations to failure dropped to ~10% and ~2% in the pure 
copper and SiC-reinforced samples, respectively. 
3.3. Thermal conductivity 
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The thermal properties of Cu and the Cu-SiC composites were examined before 
and after HPT processing. Based on measurements of the thermal diffusivity, the 
thermal conductivity was estimated and the results are presented in Fig. 10. These 
data indicate that the fraction volume of SiC and the use of HPT processing have a 
significant impact on the thermal properties of these materials. The highest values of 
thermal conductivity were obtained for the SPS-processed copper and HPT-
processed copper. As can be seen, the thermal conductivity of the HPT-processed 
Cu sample, measured at 50°C, reached a value of ~450 W/mK which is almost 15% 
higher than the value of ~400 W/mK for the SPS-processed Cu sample. The 
conductivity values decrease with increasing testing temperature but the observed 
trend remains visible up to 150°C. With a testing temperature above 150°C, the 
results for the thermal conductivity of SPS-processed Cu and HPT-processed Cu are 
almost equal at ~375 W/mK.  
A similar tendency is observed for the Cu-SiC composite samples. The thermal 
conductivity of the HPT-processed Cu-10SiC sample, measured at 50°C, is almost 
equal to that of pure copper in the SPS state (~385 W/mK). The thermal conductivity 
values for the SPS-processed and HPT-processed Cu-10SiC samples decrease with 
increasing testing temperature. In addition, the conductivity values for the HPT-
processed samples are higher than for the SPS-processed samples. The largest 
difference is observed up to 150°C. At higher temperatures the results are almost 
equal although the conductivity for the composite samples after HPT processing is 
always higher by several units. 
 In the Cu-20SiC samples, the thermal conductivity at 50°C for the HPT-
processed sample is higher than for the SPS-processed sample and it is also higher 
than for the SPS-processed Cu-10SiC sample. In addition, for both SPS-processed 
and HPT-processed Cu-20SiC samples the conductivity decreases with increasing 
temperature but their values never become equal. These thermal conductivity values 








SPS-processed samples exhibit some structural differences depending on their 
composition. In the pure copper sample the microstructure was highly 
inhomogeneous in terms of grain size whereas in the Cu-SiC samples the grain size 
in the copper matrix was more uniform. These structural differences are due to the 
inhomogeneous recrystallization and grain growth processes occurring during 
sintering and the inhibition in grain boundary mobility caused by the presence of 
pores and second phase particles [68,69]. One of the main factors limiting grain 
growth is the size of the powder particles used in the sintering. Therefore, for pure Cu 
sample there were large powder particles and it is reasonable to expect significant 
grain growth. However, a high fraction of fine-grained regions was also observed in 
this sample and it is worth emphasizing that these refined structures were observed 
mainly in the regions where there were high densities of pores. Thus, the presence of 
porosity significantly inhibits diffusion and grain growth by reducing the diffusion area 
[68,69]. Moreover, the surface area of the powder particles is always slightly oxidized 
and this oxidation also inhibits grain growth. Both factors play a significant role in the 
formation of fine-grained structures in the copper sample.  
The addition of SiC particles acts to homogenise the grain size distribution in the 
Cu matrix. The SiC particles are thermally stable elements and they play a role as 
barriers impeding grain growth and recrystallization processes [70.71]. The inhibition 
of grain growth by dispersed particles, combined with the effects resulting from 
residual porosity and oxidation, leads to a more homogeneous average grain size in 
the copper matrix. In addition, it is worth noting that there were numerous 
discontinuities and voids at the interface between the SiC particles and the Cu matrix 
in these samples and this indicates that the SiC particles exhibit a poor wettability 
during sintering. 
The results show also that HPT processing of Cu and Cu-SiC composites 
produces significant changes in the microstructure.  
\Firstly, it has a beneficial influence on the reduction of residual porosity. The 
SEM images in Fig. 3 show the presence of only single pores in all microstructures 
and no voids were observed at the interfaces between the SiC particles and the Cu 
matrix after HPT processing. The closure of pores is related to the processing 
parameters and is a direct consequence of the high imposed compressive pressure 
of 6.0 GPa and the high shear strains of more than ~400 generated in the outer parts 
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of the discs during HPT. Both factors contribute to the closure of the remaining voids 
and pores in the samples [62,72,73] leading to further densification.  
Secondly, the HPT processing causes a significant grain refinement in pure 
copper and the copper matrix as in Figs 3-4 and the average grain size in all samples 
was of the order of ~360 nm. This is similar to the grain size in pure copper after 10 
HPT revolutions which was reported as ~300 nm [74].  
Thirdly, the HPT processing has a dual effect on the evolution of SiC particles in 
the composite samples. It leads to a significant fragmentation of the SiC particles as 
confirmed by SEM observations (Figs 4, 5) and quantitative analysis (Fig. 6). The 
number density of large SiC particles decreased and the number density of 
nanometric fragmented SiC particles significantly increased. In addition, after a large 
number of HPT turns there was a homogeneous distribution of fragmented SiC 
particles in the Cu matrix. A fragmentation of the hard ceramic phase during SPD 
processing was reported earlier for various MMCs, such as ZnO in a Cu matrix [73], 
Al2O3 in an aluminium matrix [75,76], SiC in an Al matrix [76], Al3Ti in an aluminium 
matrix [77] , TiB in Al and Ti matrices [78,79] and SiC in a Cu matrix [62]. These 
various reports demonstrate that the combination of a high compressive pressure 
with the high shear strains generated during torsional straining in HPT and the low 
fracture toughness of the SiC reinforcing phase favours particle fragmentation during 
processing [62,80]. The SiC ceramic particles embedded in the Cu matrix undergo an 
unusually high extent of plastic deformation during the HPT processing. Thus, 
extremely high shear strains are generated during HPT and this promotes dislocation 
formation in the ceramic phase (Fig. 7e), an activation of their movement by slip and 
then facilitate the transformation of slip bands to micro-cracks causing the 
fragmentation of the ceramic phase [62,80]. 
It is worth emphasizing that the fragmentation effect reported in these 
experiments were not fully completed and high numbers of large SiC particles were 
observed in the microstructures after HPT processing (Figs 4-6) which are a 
consequence of the insufficient strain that was imposed during HPT processing.  
Moreover, most of these particles contained numerous cracks and voids. By contrast, 
it was demonstrated that the size of SiC particles may be drastically reduced after 15 
HPT revolutions [62] but in those studies powder particles were smaller than ~30 µm 
and therefore easier to fragment. These experiments also employed a higher 
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compressive pressure of 10 GPa which again favours the formation of higher 
stresses in the material.  
4.2. The effect of HPT processing on the mechanical properties  
The experimental results in these experiments prove that a combination of SPS 
and HPT processing is effective in producing MMCs with exceptionally high strength. 
The SPS samples exhibited significant differences in the microhardness results with 
~58 Hv and high scatter for pure copper and ~65 Hv for the MMCs with 10% and 
20% of SiC reinforcement. The observed differences are related to the 
microstructures of these samples. Thus, in the pure copper sample a high grain size 
inhomogeneity was observed and this gave a reduced hardness and a large scatter 
in the experimental results. In the MMCs samples, where the SiC particles inhibited 
grain growth, the microstructure was homogeneous in terms of grain size and the 
hardness values were higher and more uniform.  
In the samples processed by HPT, the microhardness increased more than three 
times and there was a reasonable level of homogeneity throughout the disc with only 
a small drop in hardness in the central regions. This indicates that the materials 
reached a saturation state [81]. After HPT processing, the average microhardness 
values increased to ~178 Hv for pure Cu and ~200 Hv and ~230 Hv for Cu-10SiC 
and Cu-20SiC, respectively. Such an increase in microhardness after HPT 
processing is related to the grain refinement in the Cu matrix, the increased density 
of dislocations and, for the MMCs, with the presence of fragmented fine SiC particles 
which act as obstacles to dislocation motion according to the Orowan model [82]. The 
fragmentation of the ceramic phase generates a high fraction of homogeneously 
distributed SiC nano-particles, as shown by the microstructure images presented in 
Figs 4-5 and the particle size distributions in Fig. 6. The fragmentation of SiC 
particles is more intense for the sample containing 20% of reinforcement and this 
leads to the higher microhardness values in this sample.    
The presence of an SiC reinforcement also has a major impact on the mechanical 
properties as measured in the tensile testing. In the SPS samples, the highest 
strength was obtained for pure copper (~200 MPa) whereas in the Cu-10SiC and Cu-
20SiC samples the UTS values were ~130 MPa and ~75 MPa, respectively. This 
large reduction in strength is attributed to the presence of numerous pores and 
discontinuities at the interfaces between the Cu matrix and the SiC particles, as 
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visible in Figs 1 and 2, which act as stress concentrators leading to the propagation 
of cracks [83] and giving material failure at lower stresses. These results are 
consistent with earlier studies on Cu-SiC composites fabricated by various powder 
metallurgy techniques [15,26]. The poor wettability of SiC by copper significantly 
reduces the strength of the sintered samples [84].  
The samples processed by HPT exhibited higher strength than those of the 
coarse-grained materials. The improvement in UTS of the pure Cu and Cu-SiC 
samples is associated with matrix strengthening through the grain refinement 
according to the Hall–Petch relationship [85,86]. In addition, the increased number 
density of fragmented nano-sized SiC particles [14,62] also plays a beneficial role 
contributing to the increase in the UTS. In earlier work a UTS as high as 850 MPa 
was reported for Cu-20SiC after 15 HPT revolutions [62]. However, the SiC particles 
used in the earlier experiments were smaller and therefore easier to fragment 
whereas the SiC particles in this study had diameters of ~100 µm. As presented in 
the SEM images in Figs 4 and 5, even 20 HPT revolutions under a pressure of 6.0 
GPa failed to produce sufficient shear forces to fully fragment such large particles 
(Fig. 6). Moreover, after HPT processing most of the remaining large particles were 
cracked (Fig. 5) which may also have a negative effect on the strength [83].  
4.3. Effect of Plastic Deformation on Thermal Conductivity 
No data on the effect of HPT on the thermal conductivity of Cu and Cu-SiC 
composites were reported so far. Therefore, it is important to provide a basic 
explanation of the thermal conductivity changes observed in Fig. 10. The results 
clearly show that the high plastic deformation introduced during HPT processing 
enhances the thermal conductivity. Thus, its value for pure copper subjected to 20 
turns of HPT was ~445 W/(mK) while the thermal conductivity of sintered copper was 
only ~390 W/(mK). The results for the Cu-SiC MMCs are lower than those for the 
pure metal which is reasonable since the conductivity of SiC is 360 W/(mK). 
However, even in these samples there was an observable increase in the 
conductivity after HPT processing. Several factors may be responsible for this 
behaviour.  
The first factor is associated with the further densification of the sample during 
HPT processing. The pores and other discontinuities are structural barriers to heat 
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flow. Therefore, intense plastic deformation closes most of these defects, as in Figs 
3-5, thereby increasing the thermal conductivity.  
The second factor is associated with structural changes in the Cu matrix. A large 
amount of cold working makes the samples thermally unstable and the rate of heat 
emission is enhanced [87,88]. As a consequence of plastic deformation and residual 
stresses, the lattice parameter may be slightly changed. Thus, atoms are more 
densely packed and the heat transfer is enhanced by physical or atomic contact 
between the conducting atoms. As a result, the absorbed heat is quickly transferred 
from one atom to the other [89,90]. It is also worth examining the density of defects 
generated during the SPD processing. In general, all structural defects are 
considered as structural barriers for heat flow. Some investigations suggest that 
dislocations are a source of anharmonic phonon–phonon scattering and this reduces 
the relaxation time of longitudinal acoustic phonons [91]. Increased phonon 
scattering by dislocations has been suggested as an explanation for the thermal 
conductivity reduction [91,92]. At some point, the numbers of scattering dislocations 
may be reduced due to dislocation annihilation [81]. Pure metals, such as the 
99.99Cu used in this study, have a strong tendency for recovery processes and the 
density of defects is lower than in their alloys. This means that the effect of 
dislocation scattering on the thermal properties is probably essentially negligible. 
5. Summary and conclusions 
1) Samples of Cu, Cu-10SiC and Cu-20SiC were successfully consolidated by 
the SPS technique. Nevertheless, pores and voids remained at the interfaces 
between the Cu matrix and the SiC particles. Further processing by HPT made 
it possible to substantially reduce the residual porosity as well as increasing 
the bonding between the Cu matrix and the SiC particles. 
2) Processing by HPT with a pressure of 6.0 GPa and 20 revolutions produced 
an ultrafine-grained structure in the Cu matrix for all samples with an average 
grain size of ~360 nm. It also led to the fragmentation of the SiC phase. As a 
result, high numbers of nano-sized SiC particles were observed after 
processing.  
3) The presence of SiC nanoparticles and a refined microstructure in the Cu 




4) The use of HPT processing significantly improves the strength of Cu-SiC 
composites but the presence of some remaining cracked large SiC particles 
had a negative impact on the strength of the MMCs which remained not higher 
than ~450 MPa. 
5) It is shown that the thermal conductivity of Cu-based MMCs may be enhanced 
by subjecting these samples to intensive plastic deformation.   
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Table 1 Showing average microhardness of studied samples together with their 
standard deviation 
Sample Microhardness Standard 
deviation 
Cu sintered 58 7.6 
Cu-10SiC sintered 65 3.4 
Cu-20SiC sintered 66 2.5 
Cu HPT 178 6.7 
Cu-10SiC HPT 199 7.9 
Cu-20SiC HPT 228 13.1 
 
 
Table 2 Mechanical properties determined in tensile tests 
Sample UTS [MPa] YS [MPa] Elongation [%] 
Cu sintered 235 130 40 
Cu-10SiC sintered 140 110 9 
Cu-20SiC sintered 75 68 2.3 
Cu HPT 560 480 10.3 
Cu-10SiC HPT 440 395 2.9 








Fig. 1 SEM images of the microstructures of pure Cu after SPS processing at low (a) 
and high (b) magnifications  
Fig. 2 SEM images of the microstructures of Cu-SiC composites after SPS 
processing: with 10% (a) at low magnification (c) at high magnification in BSE mode 
and 20% at (b) low magnification (d) at high magnification in SE mode (the white dots 
are pores). 
Fig. 3 SEM images of the microstructure of pure Cu after HPT processing 
Fig. 4 SEM images of the microstructure of Cu-10SiC composite after HPT 
processing 
Fig. 5 SEM images of the microstructure of Cu-20SiC composite after HPT 
processing 
Fig. 6 Particles size distributions in Cu-SiC samples after SPS processing (a, c) and 
after HPT processing (b, d)  
Fig. 7 STEM images of the Cu-SiC microstructure after HPT processing: (a) pure Cu, 
(b) Cu10SiC, (c) Cu20SiC, (d) a cluster of fine SiC particles embedded in Cu matrix, 
(e) interface between big SiC particle and Cu matrix.    
Fig. 8 Variations of hardness with distance from the disc centre for Cu and Cu-SiC 
samples after HPT processing  
Fig. 9 Plots of stress versus strain for tensile specimens processed by HPT  
Fig. 10 Thermal conductivity as a function of temperature for SPS-processed  
samples and HPT-processed samples  
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